Alzheimer's disease (AD) is the most common cause of dementia and is without disease-modifying therapy. The incidence of AD has been escalating considerably with population aging and has the potential to evolve into a global public health crisis if it continues unchecked^[@R1]--[@R3]^. A multitude of studies in the past decade suggest that AD is a disorder of synaptic dysfunction due to the toxic effects of amyloid beta (Aβ), a short peptide derived from amyloid precursor protein (APP)^[@R4]^. On the other hand, it has been established that de novo protein synthesis is indispensable for long-lasting synaptic plasticity and the formation of long-term memory^[@R5]--[@R6]^. It is unknown whether dysregulated translation contributes to synaptic dysfunction and memory impairments associated with AD.

Eukaryotic initiation factor 2 (eIF2) plays a key role in the regulation of protein synthesis and alterations in the phosphorylation of the α subunit of eIF2 can cause memory impairments^[@R7]--[@R9]^. Four kinases, PKR, HRI, GCN2, and PERK, can phosphorylate eIF2α, which results in inhibition of general mRNA translation and enhanced translation of selective mRNAs such as the transcriptional regulator activating transcription factor 4 (ATF4), a repressor of long-term synaptic plasticity and memory^[@R8],[@R10]--[@R11]^. Interestingly, elevated eIF2α phosphorylation has been correlated with AD pathogenesis^[@R12]--[@R14]^, but its link to synaptic failure and memory defects in AD is unknown. Therefore, in this study we asked whether reducing eIF2α phosphorylation by genetically removing either PERK or GCN2 could prevent AD-associated impairments in synaptic plasticity and memory. We found that suppressing the expression either PERK or GCN2 reduces elevated eIF2α phosphorylation, as well as synaptic plasticity deficits and memory impairments displayed by AD model mice. Our findings implicate elevated eIF2α phosphorylation as a contributor to AD-related synaptic pathophysiology and suggest that PERK and/or GCN2 could be novel therapeutic targets to ameliorate synaptic and memory dysfunction in individuals with AD.

RESULTS {#S1}
=======

Deletion of PERK prevents Aβ-induced impairment in LTP {#S2}
------------------------------------------------------

We first examined the state of eIF2α phosphorylation in different brain regions from 10--12 month-old APP/PS1 AD model mice^[@R15]^. Western blots were performed to probe for eIF2α phosphorylation at serine51, which is targeted by all four eIF2α kinases^[@R11]^. We observed an increase in the levels of phosphorylated eIF2α in the hippocampus (150.60 ± 24.26 % of wild-type levels; [Fig. 1a](#F1){ref-type="fig"}) and prefrontal cortex (data not shown), but not in the cerebellum (76.96 ± 10.71 % of wild-type levels, [Fig. 1b](#F1){ref-type="fig"}), from APP/PS1 mice. We also examined the hippocampus in brain sections from postmortem human AD patients with Western blots and immunohistochemistry. Consistent with the above data from APP/PS1 mice and previous findings in other AD model mice^[@R5]--[@R7]^, we observed increased levels of phosphorylated eIF2α in the hippocampus from AD patients when compared to age-matched controls (273.30 ± 35.72 % of age-matched control levels; [Fig. 1c, d](#F1){ref-type="fig"}). In agreement with the increased levels of phosphorylated eIF2α, we also observed an increase in ATF4, a repressor of long-lasting long-term potentiation (LTP) and long-term memory (LTM)^[@R8]^, in the hippocampus of APP/PS1 mice (184.42 ± 39.72 % of wild-type levels; [Fig. 1e](#F1){ref-type="fig"}). Thus, eIF2α phosphorylation is abnormally elevated in AD.

We subsequently investigated whether AD-associated impairments in synaptic plasticity and memory could be alleviated by reducing eIF2α phosphorylation. Among the kinases for eIF2α, PERK activity is usually associated with ER stress, which has been implicated in AD^[@R9]^. Therefore, we posited that PERK-induced eIF2α phosphorylation and the subsequent suppression of de novo protein synthesis may be a consequence of ER stress in AD. First, we bred mice harboring a floxed *PERK* gene^[@R16]^ with mice expressing a brain-specific *Cre* recombinase^[@R17]^ to generate mice in which PERK was conditionally removed in excitatory neurons in the forebrain and hippocampus late in development ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"})^[@R18]^. Next, using immunofluorescence combined with confocal microscopy, we observed punctate co-localization of PERK and phosphorylated eIF2α in dendrites of adult mouse hippocampal neurons in culture ([Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}). We proceeded to examine the Aβ-dependent regulation of eIF2α phosphorylation in wild-type (WT) mice. Consistent with recent findings^[@R18]^, in WT slices LTP-inducing high-frequency stimulation (HFS) caused dephosphorylation of eIF2α, which was prevented by Aβ ([Fig. 2a](#F2){ref-type="fig"}). To acquire direct evidence for Aβ-mediated effects on protein synthesis, we utilized SUnSET, a non-radioactive method to monitor new protein synthesis^[@R19]^. In agreement with its ability to blunt eIF2α dephosphorylation, Aβ blocked HFS-induced increases in de novo protein synthesis ([Fig. 2b](#F2){ref-type="fig"}). We then applied exogenous Aβ (1--42) (500 nM) to hippocampal slices and induced LTP in area CA1 by HFS. In the presence of Aβ, LTP was inhibited in WT slices, but in slices prepared from PERK cKO mice Aβ had no effect on LTP ([Fig. 2c, d](#F2){ref-type="fig"}). Moreover, removal of PERK itself did not affect hippocampal synaptic plasticity, as HFS induced similar LTP in slices from either WT or PERK cKO mice ([Fig. 2c, d](#F2){ref-type="fig"}). In contrast, co-application of Aβ and Sal003 (Sal), an inhibitor of eIF2α dephosphorylation^[@R8]^, resulted in LTP failure in PERK cKO mice ([Fig. 2c, d](#F2){ref-type="fig"}). Taken together, these results indicate that Aβ-induced impairments in hippocampal synaptic plasticity are alleviated by deleting the eIF2α kinase PERK.

Deletion of PERK corrects abnormalities in AD model mice {#S3}
--------------------------------------------------------

We then proceeded to generate a mutant mouse line that expressed both *APPswe/PS1*Δ*E9* and homozygous *Cre PERK^−/−^flox* transgenes (APP/PS1/PERK cKO). The breeding strategy involved two stages: generation of female mice with the *APPswe/PS1*Δ*E9* and heterozygous *Cre PERK^+/−^flox* transgenes followed by breeding with male heterozygous *PERK^+/−^flox* mice. All mice generated for these experiments were aged for 10--12 months, an age when APP/PS1 mice reliably display synaptic dysfunction and memory deficits^[@R20]--[@R21]^. After approximately 18 months of breeding we obtained a sufficient number of aged APP/PS1/PERK cKO mutant mice (*APPswe/PS1*Δ*E9* and *Cre PERK^−/−^flox*), along with three other littermate groups for experiments ([Fig. 3a](#F3){ref-type="fig"}): WT (*Cre* only), APP/PS1 (*APPswe/PS1*Δ*E9*), and PERK cKO (*Cre PERK^−/−^flox*).

Consistent with decreased expression of PERK, the increased phosphorylation of eIF2α in the APP/PS1 mice was reduced in hippocampus and prefrontal cortex of APP/PS1/PERK cKO mice ([Fig. 3b, c](#F3){ref-type="fig"} and [Supplementary Fig. 2a, b](#SD1){ref-type="supplementary-material"}). In contrast, phosphorylation of eIF2α and the expression of PERK in the cerebellum were indistinguishable between the four groups of mice ([Supplementary Fig. 2c, d](#SD1){ref-type="supplementary-material"}). To examine the effects of PERK deletion on protein synthesis in aged AD model mice, we performed SUnSET experiments on hippocampal slices and observed that levels of newly synthesized proteins were reduced in APP/PS1 mice when compared to WT littermates ([Fig. 3d, e](#F3){ref-type="fig"}). Consistent with the restoration of eIF2α phosphorylation ([Fig. 3b](#F3){ref-type="fig"}), the reduction of protein synthesis was prevented in APP/PS1/PERK cKO mice ([Fig. 3d, e](#F3){ref-type="fig"}). We also examined the expression of ATF4 and CHOP/GADD153, both of which have been shown to be downstream of eIF2α phosphorylation following cellular stress in non-neuronal systems^[@R22]^. We detected downregulation of ATF4 expression, but no alteration in CHOP levels in APP/PS1/PERK cKO mice when compared to APP/PS1 mice ([Fig. 3f](#F3){ref-type="fig"}, [Supplementary Fig. 2e](#SD1){ref-type="supplementary-material"}), suggesting that expression of protein levels of ATF4 and CHOP might be differentially regulated in the mouse brains^[@R22]--[@R23]^. Thus, dysregulation of eIF2α phosphorylation and de novo protein synthesis in APP/PS1 mice are normalized by PERK deletion.

We next tested spatial learning and memory of the four genotypes of mice described above on three independent behavioral tasks: Morris water maze (MWM), object location (OL), and Y water maze (YWM). During acquisition of the hidden platform version of MWM, WT mice showed a day-to-day decrease in escape latency whereas APP/PS1 mice displayed significantly higher escape latencies ([Fig. 4a](#F4){ref-type="fig"}). Furthermore, compared to WT mice, APP/PS1 mice spent significantly less time within target quadrant and crossed the platform location fewer times in probe tests when the platform was removed ([Fig. 4b, c](#F4){ref-type="fig"}). Notably, the impaired learning and memory deficits exhibited by the APP/PS1 mice was not exhibited by the APP/PS1/PERK cKO mutant mice, as indicated by reduced escape latency, increased target quadrant occupation, and more platform crossings that were comparable to those displayed by WT mice ([Fig. 4a--c](#F4){ref-type="fig"}). Of note and consistent with previous findings^[@R18]^, PERK cKO mice did not display any observable phenotype in the MWM test ([Fig. 3a--c](#F3){ref-type="fig"}), suggesting that reduction of PERK does not alter hippocampus-dependent spatial memory in this task. To investigate the possibility that the learning and memory improvements displayed by the APP/PS1/PERK cKO mice were attributable to effects on vision, motivation, or swimming ability, we tested mice on the visible platform task and found no observable differences between the four groups of mice in their latency to find the visible platform ([Fig. 3d](#F3){ref-type="fig"}). In agreement, the results from the OL and YWM tasks also indicate that spatial memory impairments associated with APP/PS1 mice were not displayed by APP/PS1/PERK cKO mice ([Fig. 4e, f](#F4){ref-type="fig"}). All together, these behavioral studies indicate that spatial memory defects in APP/PS1 mice were prevented by suppressing/restoring PERK/eIF2α signaling.

The onset of sporadic AD is age-dependent and it has been proposed that increased eIF2α phosphorylation in response to acute and/or early accumulation of Aβ could be protective^[@R14]^. Therefore, we determined whether reducing PERK/eIF2α signaling impacted the spatial memory of APP/PS1 mice at a younger age. We performed MWM tests on mice at 3--5 months of age and observed no significant differences in escape latency, target quadrant occupation, or platform crossings between the four groups of mice ([Supplementary Fig. 3a--c](#SD1){ref-type="supplementary-material"}). These findings suggest that suppressing PERK/eIF2α signaling does not significantly affect spatial learning and memory performance in young AD model mice.

We next determined whether deleting PERK could rescue synaptic plasticity deficits in aged APP/PS1 mice. LTP was dramatically reduced in APP/PS1 mice, and the removal of PERK resulted in normal LTP in the APP/PS1/PERK cKO mice ([Fig. 5a, b](#F5){ref-type="fig"}). LTP was not altered in the PERK cKO mice ([Fig. 5a, b](#F5){ref-type="fig"}). To determine whether restored LTP in the APP/PS1/PERK cKO mice was dependent on protein synthesis, we induced LTP in the presence of the general protein synthesis inhibitor anisomycin. Treatment of WT slices with anisomycin (40 μM) resulted in inhibition of LTP compared to vehicle-treated control slices ([Fig. 5c](#F5){ref-type="fig"}). Importantly, LTP in the APP/PS1/PERK cKO mice also was inhibited by anisomycin ([Fig. 5c](#F5){ref-type="fig"}), indicating that deletion of PERK resulted in restored LTP that was protein synthesis-dependent. We then investigated the effects of reducing PERK/eIF2α signaling on amyloidogenesis. Compared with APP/PS1 mice, which displayed considerable levels of Aβ deposits in the brain, Aβ levels were decreased in the hippocampus of APP/PS1/PERK cKO mice ([Fig. 5d](#F5){ref-type="fig"}). The decrease in the brain Aβ load was not due to effects on APP expression, as levels of full-length APP were not changed ([Fig. 5d](#F5){ref-type="fig"}). Moreover, beta C-terminal fragment (β-CTF), but not alpha C-terminal fragment (α-CTF) of APP was reduced in the hippocampus of APP/PS1/PERK cKO mice ([Fig. 5e](#F5){ref-type="fig"}). There were no significant changes in the levels of the APP cleavage enzymes BACE1 or γ-secretase as reflected by unaltered PEN2, an essential component of γ-secretase complex ([Supplementary Fig. 4a, b](#SD1){ref-type="supplementary-material"}). Moreover, consistent with previous findings^[@R24]^, we observed a reduction of the Aβ degrading enzyme neprilysin in the hippocampus of the APP/PS1 mice, which was corrected in the APP/PS1/PERK cKO mice ([Fig. 5f](#F5){ref-type="fig"}).

To further elucidate the molecular mechanisms associated with the effects of PERK deletion on APP/PS1 mice, we examined regulation of the levels of a series of proteins that have been implicated in synaptic plasticity and memory, including activity-regulated cytoskeleton-associated protein (Arc), calcium/calmodulin-dependent protein kinase II (CaMKII), AMPA receptor subunit GluA1, and protein kinase M zeta (PKMζ)^[@R25]--[@R27]^. We observed reduced levels of both Arc and PKMζ in hippocampal area CA1 in APP/PS1 mice, which was corrected by the deletion of PERK ([Fig. 5g, h](#F5){ref-type="fig"}). However, levels of CaMKII and GluA1 were not significantly changed ([Fig. 5g, h](#F5){ref-type="fig"}). Finally, we observed increased levels of PSD-95 and decreased levels of synaptophysin in the APP/PS1 mice, in agreement with previous studies^[@R28]^. The dysregulation of these synaptic proteins was restored in the APP/PS1/PERK cKO mice to levels indistinguishable from those in WT littermates ([Fig. 5g, h](#F5){ref-type="fig"} and [Supplementary Fig. 5e,f](#SD1){ref-type="supplementary-material"}). We also examined the levels of other proteins that could be involved in the regulation of PERK/eIF2α signaling, such as type 1 protein phosphatase (PP1), which contributes to dephosphorylation of eIF2α^[@R29]^, transcription factor Nrf2, which has been shown in non-neuronal cells to be a substrate of PERK^[@R30]^, and the unfolded protein response (UPR) markers ATF6 and IRE1α^[@R31]^. However, none of the aforementioned proteins were significantly changed across the four mouse genotypes ([Supplementary Fig. 5a--d](#SD1){ref-type="supplementary-material"}). Thus, the reduction of PERK/eIF2α signaling in APP/PS1 mice decreased amyloidogenesis and restored physiological levels of neprilysin, as well as the plasticity- and memory-related proteins Arc and PKMζ.

Deletion of GCN2 corrects abnormalities in AD model mice {#S4}
--------------------------------------------------------

To further elucidate the role of eIF2α phosphorylation in AD-associated impairments of synaptic plasticity and memory, we performed LTP experiments on hippocampal slices from a mouse line in which GCN2, another eIF2α kinase, was globally and constitutively removed^[@R32]^. Similar to the experiments with PERK cKO mice, LTP in slices from GCN2 knockout (GCN2 KO) mice was still expressed in the presence of Ab ([Fig. 6a, b](#F6){ref-type="fig"}). Of note, unlike PERK cKO mice, there was a trend of enhanced LTP in the GCN2 KO mice ([Fig. 6a, b](#F6){ref-type="fig"}). In addition, consistent with the experiments with PERK cKO mice, co-application of Aβ and Sal003 (Sal) resulted in LTP failure in GCN2 KO mice ([Fig. 6a, b](#F6){ref-type="fig"}). Taken together, these results suggest that inhibiting GCN2 prevents Ab-induced synaptic plasticity impairments by reducing eIF2α phosphorylation.

We proceeded to cross APP/PS1 mice with GCN2 KO mice to generate APP/PS1/GCN2 KO mice and aged them for 10--12 months before conducting the following experiments. First, we confirmed that the abnormally high levels of eIF2α phosphorylation and ATF4 expression in the hippocampus of APP/PS1 mice were restored in APP/PS1/GCN2 KO mice to the levels observed in WT mice ([Supplementary Fig. 6a, b](#SD1){ref-type="supplementary-material"}). Of interest, phosphorylation of eIF2α in GCN2 KO mice was not different from that in WT mice ([Supplementary Fig. 6a, b](#SD1){ref-type="supplementary-material"}). Consistent with the biochemical findings, we found that hippocampal LTP deficits in APP/PS1 mice were normalized in APP/PS1/GCN2 KO mice ([Fig. 6c--e](#F6){ref-type="fig"}).

We then tested the behavioral effects of removing GCN2 in the APP/PS1 mice by performing the MWM task to access spatial learning and memory. Similar to the observations from the studies with the APP/PS1/PERK cKO mice, the impairments in spatial learning and memory displayed by the aged APP/PS1 mice were prevented in the APP/PS1/GCN2 KO mice as indicated by decreased escape latency, increased platform crossings as well as target quadrant occupancy that were close to those displayed by WT mice ([Fig. 7a--c](#F7){ref-type="fig"}). In addition, the improvements in learning and memory displayed by the APP/PS1/GCN2 KO mice were not due to effects on vision, motivation, or swimming ability, as demonstrated by visible platform task which showed no difference between groups ([Fig. 7d](#F7){ref-type="fig"}). Taken together, these findings indicate that genetic removal of the eIF2α kinase GCN2 prevents AD-associated LTP failure and spatial memory impairments.

DISCUSSION {#S5}
==========

Identifying molecular mechanisms underlying synaptic failure and memory loss associated with AD could provide the basis for novel therapeutics for the treatment of this devastating neurodegenerative disease. Numerous studies over the past few decades have established a key role for de novo protein synthesis in long-lasting synaptic plasticity and long-term memory^[@R5]--[@R6],[@R33]^. As a translational factor controlling general protein synthesis, eIF2α, through modulation of its phosphorylation state, is known to be important in maintaining long-lasting forms of synaptic plasticity, and long-term memory^[@R7]--[@R9]^. In the current study, we have shown that reducing eIF2α phosphorylation, via forebrain-specific conditional deletion PERK, one of its kinases, protects mice from AD-related deficits in synaptic plasticity and spatial memory, which was correlated with decreased amyloidogenesis and restoration of normal expression of plasticity-related proteins. Moreover, we have shown that deletion of GCN2, another eIF2α kinase, also prevents AD-related deficits in synaptic plasticity and spatial memory, which also is likely due to the resetting of eIF2α phosphorylation and normal translational homeostasis ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}).

Phosphorylation of eIF2α by PERK: a double-edged sword {#S6}
------------------------------------------------------

In normal physiological situations, phosphorylation of eIF2α usually is considered to be protective. In response to a wide range of cellular stressors, eIF2α is phosphorylated by one of its four kinases, which includes PERK, leading to inhibition of general mRNA translation, but also increased translation of selective mRNAs, including that encoding ATF4. The reduction of general protein synthesis allows cells to conserve energy resources and enhanced translation of selective mRNAs increases expression of stress-related proteins, thereby reconfiguring gene expression in order to manage the stress condition^[@R11],[@R34]--[@R35]^. This type of mechanism might account for the late-onset of synaptic failure and memory deficits observed in sporadic AD (the majority of AD) and in most AD model mice. Therefore, we hypothesized that the deletion of PERK in APP/PS1 mice early in life might be detrimental to memory formation. However, we did not observe any change in the spatial memory of young APP/PS1/PERKcKO mice ([Supplementary Fig. 3a--c](#SD1){ref-type="supplementary-material"}), suggesting that another eIF2α kinase may be responsible for maintaining translational homeostasis. In contrast, in later stages of pathophysiologies associated with neurodegenerative diseases, abnormally high levels of stress-inducing agents such reactive oxygen species (ROS) are likely generated constantly, overwhelming the ability of the endogenous antioxidant mechanisms to remove them^[@R36]--[@R37]^, which then results in unusually high levels of eIF2α phosphorylation ([Fig. 1a--d](#F1){ref-type="fig"}). In other words, the fine balance between new protein synthesis and the stress response, which is intact under normal physiological conditions, is likely to be disrupted permanently in later stages of AD, making the dysregulation of protein synthesis more pronounced and longer lasting than in the initial stages of the disease. This long-term disruption of translational homeostasis will inevitably hinder long-lasting synaptic plasticity and long-term memory because de novo protein synthesis is essential for both processes^[@R33],[@R38]^. Notably, it was shown recently that mice treated with a compound that inhibits the downstream consequences of eIF2α phosphorylation display enhanced learning and memory^[@R39]^, consistent with the idea that eIF2α phosphorylation limits memory formation.

Phosphorylation of eIF2α in AD: PERK versus GCN2 {#S7}
------------------------------------------------

The four kinases that phosphorylate eIF2α, PERK, GCN2, PKR, and HRI, typically are classified by their response to a specific type of cellular stress, each of which activates a single kinase. However, the idea that each eIF2α kinase responds to only one type of stressor is almost certainly oversimplified^[@R11],[@R35]^. Studies have indicated that during conditions such as oxidative stress, multiple eIF2α kinases, especially PERK and GCN2, are recruited either simultaneously or sequentially to reset cellular homeostasis^[@R47]--[@R49]^. In agreement, we have shown here that deletion of either PERK or GCN2 is capable of correcting eIF2α hyperphosphorylation, presumably induced by several cellular stressors, as well as synaptic plasticity and memory deficits displayed by AD model mice. Interestingly our studies revealed that although PERK deletion by itself results in decreased basal phosphorylation of eIF2α ([Fig. 3b](#F3){ref-type="fig"}), removal of GCN2 alone had no effect on basal eIF2α phosphorylation ([Supplementary Fig. 6a](#SD1){ref-type="supplementary-material"}). Moreover, genetic deletion of PKR also did not alter the basal phosphorylation of eIF2α ([Supplementary Fig. 1d](#SD1){ref-type="supplementary-material"}). Taken together, these findings suggest a dominant role for PERK in controlling the basal state of eIF2α phosphorylation in brain.

Although our current study focused on eIF2α kinases, it should be noted that dephosphorylation of eIF2α, by phosphatases such as protein phosphatase 1^[@R29]^, might also play an important role in mediating the effects of AD-related deficits in protein synthesis-dependent synaptic plasticity and memory. Future studies will be necessary for a better understanding of how the disruption of translational homeostasis is involved in AD pathophysiology. In brief, given the general requirement of de novo protein synthesis for long-lasting synaptic plasticity and long-term memory consolidation, and in light of recent findings demonstrating that hyperphosphorylation of eIF2α is associated with synaptic deficits and neuronal loss in prion-disease model mice^[@R50]^, it is possible that the dysregulation of eIF2α phosphorylation represents a common molecular mechanism underlying diseases characterized by neurodegeneration and memory dysfunction. Thus, both PERK and GCN2 have potential as novel therapeutic targets not only for AD and prion-disease, but also for diseases such as frontotemporal dementia and Lewy body disease.

METHODS {#S8}
=======

Transgenic mice {#S9}
---------------

All mice (C57BL/6) were housed in the Transgenic Mouse Facility of New York University, compliant with the *NIH Guide for Care and Use of Laboratory Animals*. The facility is kept on a 12 h light/dark cycle, with a regular feeding and cage-cleaning schedule. Mice of either sex were used. PERK forebrain conditional knockout mice (PERK cKO) were generated by crossing brain-specific *Cre* recombinase mouse line (T-29) kindly provided by Dr. S. Tonegawa^[@R51]^ with *PERK (−/−)* mice harboring floxed *PERK* gene^[@R16]^. The creation of APP/PS1/PERK cKO double mutant mice required two stages of breeding: generation of female mice with *APPswe/PS1*Δ*E9* and heterozygous *Cre PERK^+/−^flox* transgenes followed by breeding with male heterozygous *PERK^+/−^flox* mice. The generation of APP/PS1/GCN2 KO double mutant mice were also involved in two steps of breeding: generation of male mice with *APPswe/PS1*Δ*E9* and heterozygous GCN2*^+/−^* transgenes followed by breeding with female heterozygous GCN2*^+/−^* mice. All genotypes were determined by polymerase chain reaction (PCR).

Western blot and antibodies {#S10}
---------------------------

Lysates were prepared as described^[@R52]^. Phosphatase inhibitor cocktail I & II (Sigma), and protease inhibitor cocktail (Sigma) were added to lysis buffer. Protein concentration was determined by the Bradford technique (Bio-Rad Laboratories), and equal amounts of protein from each sample were loaded on 4--12% Tris-Glycine SDS-PAGE (Invitrogen) gels. After transfer, membranes were blocked for at least 30 min at room temperature with blocking buffer \[BB; 5% non fat dry milk in TBS containing 0.1% Tween 20 (TBS-T)\], then probed overnight at 4°C using the following primary antibodies (dilution 1:1000) for: Aβ 6E10 (Covance, SIG-39300), ATF4 (generous gift from Dr. RC Wek, Indiana University School of Medicine), Arc (Santa Cruz, sc-17839), ATF6 (Abcam, ab37149), BACE1 (Abcam, ab2077), CaMKII (Millipore, 07--1496), CHOP/GADD153 (Abcam, ab11419), phospho-eIF2α (Ser51) (Invitrogen, 44728G), eIF2α (Cell Signaling, 2103), GluA1 (Cell Signaling, 8850), IRE1 (Cell Signaling, 3294), neprilysin/CD10 (Santa Cruz, sc-9149), p-Nrf2 and Nrf2 (Abcam, ab76026 and ab31163), PEN2 (Cell Signaling, 5451), PERK (Cell Signaling, 3192), PKMζ (Santa Cruz, sc-17781 ), PP1 (Cell Signaling, 2582), PSD95 (Millipore, ), Synaptophysin (Chemicon, MAB368), Actin (Sigma, A1978), GAPDH (Cell Signaling, 2118), and Tubulin (Sigma, T6074). The "n" refers to the number of slices, from at least 3 litters/groups of mice.

Densitometric analysis of the bands was performed using Scion Image software (Scion Corporation). Data were analyzed using one-tailed and (where specified) two-tailed t-tests or, where for multiple groups, one-way ANOVA followed by Bonferroni post-hoc tests, using Prism (Graphpad Software Inc.) and Origin (OriginLab Corp.). Summary data were presented as group means with standard error bars. Data collection and analysis were not performed blind for the Western blot experiments.

Drug treatment {#S11}
--------------

Anisomycin stock solution (40 mM, Tocris) was prepared in DMSO and was diluted into ACSF to its final concentration 40 μM before use. Stock for anisomycin was kept for maximal three days. Puromycin stock (5 mg/ml, Sigma) was prepared in distilled water and diluted into ACSF to its final concentration 5μg/ml the day of experiment. Sal003 (Sal) stock (10 mM, Calbiochem) was prepared in DMSO and diluted into ACSF to its final concentration. Aβ(1--42) stock (100 μM, Bachem) was prepared in distilled water and stored at −20 °C for at least 24 hrs before use at a final concentration of 500 nM. This type of preparation protocol yields ample Aβ oligomers^[@R53]^. Incubation of hippocampal slices with drugs was performed in either recording chambers or maintenance chambers as needed.

Postmortem AD brain samples {#S12}
---------------------------

Hippocampal sections of postmortem human brain samples were provided by the late Dr. Mark Smith from Case Western Reserve University. Samples were collected and prepared in accordance with the institution's IRB approved protocols as described previously^[@R54]^. Briefly, hippocampal sections from cases of pathologically confirmed AD (n = 12; age 69--96 yr, mean 84 ± 8.2 yr) and age-matched controls (n = 7; age 66--86 yr, mean 71.5 ± 6.8 yr) were collected, fixed in methacarn (methanol: chloroform: acetic acid; 6:3:1), and embedded in paraffin. Subsequently, 6 μm-thick sections were cut and processed for immunohistochemistry. Briefly, sections were deparaffinized in xylene, rehydrated in a series of graded ethanol, and endogenous peroxidase activity was removed by incubating 30 min in 2% H~2~O~2~. Following a 10-min incubation in 10% normal goat serum, sections were incubated overnight at 4°C with phospho-eIF2α (Ser51) antibody (Invitrogen) at a dilution of 1:200 in 1% BSA containing 0.2% triton X-100. Following successive incubations in biotinylated goat anti-rabbit secondary antibody (Vector Laboratories) and peroxidase-anti-peroxidase complex, staining was developed using 3,3-diaminobenzidine as a cosubstrate and counterstained with 0.2% cresyl violet.

Immunoblotting {#S13}
--------------

Soluble protein extracts from brain sections were provided by late Dr. Mark Smith from Case Western Reserve University. Samples were prepared as described previously^[@R54]^. Briefly, brain sections from AD (n = 4; age 72--89 yr) and control (n = 3; age 65--86 yr) were homogenized in 10 volume of lysis buffer equipped with protease and phosphatase inhibitors \[50 mM Tris-HCl (pH 7.6), 0.02% sodium azide, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1% Nonidet P-40, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 1 mg/mL aprotinin, 2 mg/mL antipain, and 1 mM sodium orthovanadate\]. Protein concentrations were determined by bicinchoninic acid assay (Pierce). 20 μg of soluble protein extracts were prepared from brain samples and standard Western blotting techniques were used as described in this section. The experimenter was blind for the data collection and analysis for these experiments.

Hippocampal slice preparation and electrophysiology {#S14}
---------------------------------------------------

Acute 400 μm transverse hippocampal slices were prepared using a vibratome as described previously^[@R21]^. The slices were maintained at room temperature in a submersion chamber with artificial cerebrospinal fluid (ACSF) containing (in mM) 125 NaCl, 2.5 KCl, 2 CaCl~2~, 1 MgCl~2~, 1.25 NaH~2~PO~4~, 24 NaHCO~3~, and 15 glucose, bubbled with 95% O~2~/5% CO~2~. Slices were incubated for at least 2 hours before removal for experiments. For electrophysiology experiments, slices were transferred to recording chambers (preheated to 32 °C) where they were superfused with oxygenated ACSF. Monophasic, constant-current stimuli (100 μsec) were delivered with a bipolar silver electrode placed in the stratum radiatum of area CA3, and the field excitatory postsynaptic potentials (fEPSPs) were recorded in the stratum radiatum of area CA1. Baseline fEPSPs were monitored by delivering stimuli at 0.033 Hz. fEPSPs were acquired, and amplitudes and maximum initial slopes measured, using pClamp 10 (Axon Instruments, Foster City, CA). LTP was induced with a high-frequency stimulation (HFS) protocol consisting of two 1-second long 100 Hz trains, separated by 60 sec, delivered at 70--80 % of the intensity that evoked spiked fEPSPs. Data collection and analysis were not performed blind to the conditions of the experiments. The "n" refers to the number of slices, from at least 3 litters/group of mice.

Protein synthesis assay {#S15}
-----------------------

Proteins were labeled using a protocol adapted from the SUnSET method^[@R19]^. Hippocampal slices were incubated with puromycin (5 μg/ml) 30 minutes before and throughout the electrophysiology experiments. Newly synthesized proteins were end-labeled with puromycin. At the end of physiology experiment, slices were harvested and frozen on dry ice. Area CA1 was microdissected and protein lysates were prepared for Western blotting. Puromycin-labeled proteins were identified using the mouse monoclonal antibody 12D10. Protein synthesis levels were determined by taking total lane density in the molecular weight range of 10 kDa to 250 kDa. Data collection and analysis were not performed blind for these experiments. The "n" refers to the number of slices, from at least 3 litters/groups of mice.

Mouse behavior {#S16}
--------------

### Morris water maze {#S17}

Morris water maze test was performed as described^[@R52]^. The training paradigm for the hidden platform version of the Morris water maze consisted of 4 trials (60 sec maximum; interval 15 min) each day for 5 consecutive days. The probe trial was carried 2 hrs after the completion of training on day 5. The visible platform task consisted of 4 trials each day for 2 consecutive days with the escape platform marked by a visible cue and moved randomly between four locations. The trajectories were recorded with a video tracking systm (Ethovision XT).

### Object location {#S18}

Object location (OL) test was performed as described^[@R55]^. Two identical objects were placed in the far corners of the arena. Each mouse was allowed to explore the two objects for 10 minutes. After a delay of 60 minutes, the test phase began in which one of the objects was move to a new place and the mouse was allowed to explore the arena for 5 minutes. The mouse was placed into the arena facing the center of the opposite wall. Exploratory behavior was defined as the animal directing its nose toward the object closely.

### Y water maze {#S19}

Y water maze test was conducted as described previously^18181818^. At the day of training, the animal was trained to pick up one side of the maze, where a platform is hidden. The test phase began after a delay of 24 hours.

For all behavioral tasks, the experimenters were blind to the genotypes of the mice and no mouse was excluded. The "n" refers to the number of mice.

Immunofluorescence and confocal microscopy {#S20}
------------------------------------------

Ice-cold 4% paraformaldehyde in PBS (pH 7.4) was used to fix primary cultured neurons (20 minutes) or hippocampal slices (overnight). Fixed slices were then washed with PBS before cutting into 40-μm thick sections on a vibratome. Free-floating slice sections or neurons were blocked with 10% normal goat serum, 1% BSA, and 0.1% Na azide in PBS for 2 hrs, and incubated with primary antibodies in 1% BSA. The following primary antibodies were used: phospho-eIF2α (Ser51) (Invitrogen, 44728G), PERK (Cell Signaling,3192), PSD95 (Millipore, 05--494). Alexa Fluor 568 or 488 secondary antibodies (Invitrogen) were used. Following extensive washing, sections were mounted onto pre-subbed slides with Vectashield mounting medium with or without DAPI (Vector laboratories). The sections were imaged using a Leica TCS SP5 confocal microscope (Leica) at 630X. All parameters (pinhole, contrast, gain, offset) were held constant for all sections from the same experiment. The "n" refers to the number of slices, from at least 3 litters/groups of mice.

Data analysis {#S21}
-------------

Data are presented as mean + SEM. Summary data were presented as group means with standard error bars. For comparison between two groups, a two-tailed independent Student's *t*-test was used. For comparisons between multiple groups, ANOVA was used followed by individual *post hoc* tests when applicable. Error probabilities of *p* \< 0.05 were considered statistically significant. The data were collected and processed randomly. No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in previous publications ^[@R7],[@R52]^. Data distribution was assumed to be normal but this was not formally tested.
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======================
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![Increased eIF2α phosphorylation in Alzheimer's disease\
**(a)** eIF2α phosphorylation was increased in the hippocampus of APP/PS1 AD model mice. n=7 for both groups. *p*=0.041.**(b)** eIF2α phosphorylation was not altered in cerebellum of APP/PS1 AD model mice. n=11 for WT and n=10 for APP/PS1. *p*=0.080. **(c)** eIF2α phosphorylation was elevated in postmortem human AD brain samples. n=4 for AD and age-matched control groups. *p*=0.012. **(d)** DAB staining revealed increased eIF2α phosphorylation in the hippocampus of postmortem human AD brains, representative of three independent experiments. Scale bar, 150 μm. **(e)** ATF4 levels were increased in the hippocampus of APP/PS1 mice compared to WT littermates. n=6 for each group. *p*=0.044 Full-length blots/gels are presented in [Supplementary Figure 7](#SD1){ref-type="supplementary-material"}.](nihms502132f1){#F1}

![Aβ-induced impairment in LTP is alleviated by deleting the eIF2α kinase PERK\
**(a)** LTP-inducing stimulation decreased the phosphorylation of eIF2α (middle lane), which was reversed by Aβ(1--42) (right lane). Slices were harvested 30 minutes post-HFS and area CA1 was microdissected for Western blot analysis. n=8. \**p*\<0.05. **(b)** De novo protein synthesis (assayed by SUnSET). LTP-inducing stimulation increased de novo protein synthesis, which was blunted by Aβ(1--42). Slices were harvested 30 minutes post-HFS and area CA1 was microdissected. n=4. \**p*\<0.05. **(c)** Treatment of hippocampal slices from WT mice with 500 nM Aβ(1--42) resulted in impaired LTP (grey triangles, n=8) compared with LTP in vehicle-treated WT slices (open squares, n=7). In contrast, LTP was induced in slices from PERK cKO mice in the presence of Aβ(1--42) (half-filled triangles, n=6), which was blunted by application of 10 μM Sal003 (Sal, grey diamonds, n=7). In addition, HFS induced LTP in PERK cKO mice that was comparable to that in WT littermates (grey circles, n=7). **(d)** Cumulative data showing the mean fEPSP slope 80 min post-HFS from the LTP experiments in panel c. \**p*\<0.05; \*\**p*\<0.01. Full-length blots/gels are presented in [Supplementary Figure 7](#SD1){ref-type="supplementary-material"}.](nihms502132f2){#F2}

![Generation of AD model mice with reduced PERK-eIF2α signaling\
**(a)** Diagram depicting the creation of mice with AD-associated transgenes and reduced PERK/eIF2α signaling. **(b)** eIF2α phosphorylation was reduced in hippocampal area CA1 of APP/PS1/PERK cKO mice compared to the increased levels of eIF2α phosphosphorylation in APP/PS1 mice, which was correlated with the expression of PERK **(c)**. n=10 for APP/PS1/PERK cKO, n=6 the other three groups. **(d)** Representative Western blot showing that de novo protein synthesis (assayed by SUnSET) was reduced in APP/PS1 mice compared to WT littermates. In addition, de novo protein synthesis in PERK cKO and APP/PERK cKO mice was not different from WT mice. **(e)** Cumulative data showing densitometric analysis of experiments in panel d. n=4. \**p*\<0.05. **(f)** Elevated levels of ATF4 in APP/PS1 mice were reduced to WT levels in APP/PS1/PERK cKO mice. Western blots were performed on tissue from area CA1 of the hippocampus. n=10. All data for the densitometric analysis of the Western blots were presented as mean ± SEM. \**p*\< 0.05, \*\**p*\< 0.01, \*\*\**p*\<0.001. Full-length blots/gels are presented in [Supplementary Figure 7](#SD1){ref-type="supplementary-material"}.](nihms502132f3){#F3}

![Spatial memory deficits in APP/PS1 AD model mice are alleviated by suppressing PERK/eIF2α signaling\
**(a)** Escape latency in the Morris water maze plotted against the training days. WT n=14; APP/PS1, n=14; PERK cKO, n=16; APP/PS1/PERK cKO n=11. Repeated measures ANOVA followed by a post hoc Bonferroni multiple comparison test, *p*= 0.0028, F~(3,\ 54)~=8.440. APP/PS1 *vs* WT: *p*\<0.01, t=4.815; APP/PS1 *vs* APP/PS1/PERK cKO: *p*\<0.05, t=3.671. APP/PS1 *vs* PERK cKO: *p*\>0.05, t=2.806. No difference was detected among WT, PERK cKO, and APP/PS1/PERK cKO groups. Repeated measures ANOVA. *P*=0.09, F~(2,40)~=3.302. **(b)** Percentage of time spent in the target quadrant during a 60 second probe trial of MWM test. One-way ANOVA, *p* = 0.0498, F=2.869. \**p*\< 0.05. **(c)** Frequency of platform crossing during a 60 second probe trial of MWM test. One-way ANOVA, *p* =0.0109, F=4.171.\**p*\< 0.05. **(d)** Visible platform test. Repeated measures ANOVA, *p*= 0.0943. F=5.653. **(e)** Object location task. Percentage of time interacting with the object at a new location (out of total time spent with objects) was calculated as discrimination ratio. WT, n=14; APP/PS1, n=10; PERK cKO, n=8; APP/PS1/PERK cKO, n=7. Independent *t*-test. \**p*\< 0.05 **(f)** Y water maze task. Spatial memory was measured by percentage of correct arm choice. WT, n=18; APP/PS1, n=18; PERK cKO, n=15; APP/PS1/PERK cKO, Independent *t*-test. n=9. \**p*\<0.05.](nihms502132f4){#F4}

![LTP impairments in APP/PS1 mice are rescued by decreasing PERK/eIF2α signaling\
**(a)** LTP was inhibited in APP/PS1 mice (n=6) compared to LTP in WT mice (n=9). LTP was sustained in APP/PS1/PERK cKO mice (n=4) and PERK cKO mice (n=8). **(b)** Cumulative data showing mean fEPSP slopes 80 min post-HFS from the LTP experiments in panel a. Data were presented as mean +SEM. **(c)** LTP in APP/PS1/PERK cKO mice (n=7) was inhibited by anisomycin (40 μM). n=8 for WT, n=5 for anisomycin/WT, and n=7 for anisomycin/APP/PS1. Anisomycin was applied into recording chamber 30 min before HFS and present throughout the experiments. **(d)** Brain Aβ levels were decreased in APP/PS1/PERK cKO mice compared to APP/PS1 mice. n=6 for each group. Levels of full-length APP were not changed. n=9 for APP/PS1/PERK cKO group and n=6 for each of other three groups. **(e)** β-CTF, but not α-CTF was reduced in the hippocampus of APP/PS1/PERK cKO mice, compared with APP/PS1 mice. n=6. **(f)** Neprilysin expression was reduced in APP/PS1 mice and was corrected in APP/PS1/PERK cKO mice. n=7 for each group. **(g, h)** Representative blots (g) and cumulative data of densitometric analysis (h) showing that levels of activity-regulated cytoskeleton-associated protein (Arc, n=5), protein kinase M zeta (PKMζ, n=11), and synaptophysin (n=5) were reduced in hippocampal area CA1 of APP/PS1 mice and was corrected in APP/PS1/PERK cKO mice. Levels of calcium/calmodulin-dependent protein kinase II (CaMKII, n=5) and AMPA receptor subunit GluA1 (n=4) were not significantly altered. \**p*\<0.05; \*\**p*\<0.01. Full-length blots/gels are presented in [Supplementary Figure 7](#SD1){ref-type="supplementary-material"}.](nihms502132f5){#F5}

![Removal of GCN2 reverses AD-associated LTP failure\
**(a)** Normal LTP was induced in slices from GCN2 KO mice in the presence of Aβ(1--42) (half-filled triangles, n=7), which was blunted by application of 10 μM Sal003 (Sal, grey diamonds, n=7). In contrast, slices of WT littermates treated with Aβ(1--42) (grey circles, n=5) exhibited impaired LTP. In addition, HFS induced hippocampal LTP in GCN2 KO mice that was enhanced (grey triangles, n=5) compared to WT littermates (open squares, n=5). **(b)** Cumulative data showing mean fEPSP slopes 80 min post-HFS from the LTP experiments in panel a. **(c)** HFS-induced hippocampal LTP was inhibited in APP/PS1 mice (light grey triangles, n=6) compared to LTP in WT mice (open squares, n=8). In contrast, hippocampal LTP was sustained in APP/PS1/GCN2 KO mice (half-filled triangles, n=5) and GCN2 KO mice (grey circles, n=6). **(c)** Representative fEPSP traces for data shown in panel b. **(d)** Cumulative data showing mean fEPSP slopes 80 min post-HFS from the LTP experiments in panel b. Data were presented as mean ± SEM. \**p*\<0.05.](nihms502132f6){#F6}

![Spatial memory deficits in APP/PS1 AD model mice are alleviated by deleting eIF2α kinase GCN2\
**(a)** Escape latency in the Morris water maze plotted against the training days. APP/PS1 mice (black circles, n=8) were slower to learn than WT mice (open squares, n=9), APP/PS1/GCN2 KO (grey squares, n=9) or GCN2 KO mice (grey triangles, n=12). Repeated measures ANOVA followed by a post hoc Bonferroni multiple comparison test, *p*= 0.0014, F~(3,\ 37)~=9.960. APP/PS1 *vs* WT: *p*\<0.01, t=4.532; APP/PS1 *vs* APP/PS1/GCN2 KO: *p*\<0.05, t=3.360; APP/PS1/GCN2 KO *vs* WT: *p*\>0.05, t=1.172. **(b)** Percentage of time spent in the target quadrant during a 60 second probe trial of MWM test. One-way ANOVA, *p* = 0.0261, F=3.584. **(c)** Frequency of platform crossing during a 60 second probe trial of MWM test. One-way ANOVA, *p* = 0.0144, F=4.057. Number of platform crossing of APP/PS1/GCN2 KO mice is not significantly different from that of WT mice; APP/PS1 *vs* APP/PS1/GCN2 KO: *p*=0.0526. \*\**p*\< 0.01. **(d)** In the visible platform test no difference was observed for escape latency among the four genotypes of mice. Repeated measures ANOVA, *p*=0.3735. F=1.500.](nihms502132f7){#F7}
